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Superconductivity under pressure in FeSe (Tc∼7.5 K) has been investigated using single-
crystal specimens through the measurements of DC magnetization and electrical resistivity.
A characteristic three-step increase in Tc has been found under hydrostatic pressure up to
∼34 K above 7 GPa. The structural transition from a tetragonal phase to an orthorhombic
phase (Ts∼87 K) is found to disappear at P∼2.3 GPa, above which Tc increases rapidly,
suggesting that the superconductivity is enhanced by the tetragonal environment. Under non-
hydrostatic pressure, the increase in Tc is suppressed and the superconductive volume fraction
is considerably reduced above 2 GPa, probably owing to the breaking of the tetragonal lattice
symmetry by the uniaxial stress. The intimate correlation between the enhanced (suppressed)
superconductivity and the tetragonality (orthorhombicity) in the phase diagram is a common
feature of FeSe and other iron-pnictide superconductors.
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The recent discovery of superconductivity in LaFeAsO1−xFx (Tc=26 K)
1 has triggered
intensive research to understand the pairing mechanism and explore superconductivity in
related compounds, leading to a wide variety of iron-pnictide superconductors, where novel
superconductivity is generated in iron-pnictide (Fe-Pn) layers consisting of edge-sharing FePn4
tetrahedra. Indeed, the geometry of the FePn4 tetrahedron is an important factor for deter-
mining Tc. In RFeAsO1−xFx (R=lanthanoid), it is demonstrated that Tc is maximized when
the FeAs4 tetrahedron forms a regular one, i.e., the As-Fe-As bond angle is ∼109.5
◦.2 An-
other important structural parameter is the pnictogen height hPn measured from the Fe plane,
which has been proposed to act as a switch between a high-Tc state with nodeless pairing and
a low-Tc state with nodal pairing.
3 Recently, it has been found in RFeAsO1−xFx that Tc is a
function of not only hAs but also the lattice constant, showing a characteristic evolution on
the hAs versus lattice constant plane.
4
The application of pressure is an effective way of varying structural parameters without
changing the chemical composition. In particular, pressure-induced superconductivity is of
great interest, because we can extract valuable information about the structural characteristic
that the superconductivity favors. It has been found that superconductivity abruptly emerges
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with the disappearance of the spin-density-wave (SDW) state under pressure in AFe2As2
(A=Ba,5–10 Sr5, 9, 11–13 and Eu14, 15), while the crystal structure changes from orthorhombic
to tetragonal simultaneously with the emergence. The emergence of superconductivity ac-
companied by structural transition is also observed upon carrier doping in AFe2As2
16 and
LaFeAsO.17 The disappearance of superconductivity in the orthorhombic structure can be
understood as a manifestation of the structure sensitivity of the superconductivity, especially
to the distortion of the FePn4 tetrahedron from a regular one.
2 In most iron pnictides, super-
conductivity occurs on the tetragonal lattice.
Superconductivity in FeSe is an exception, occurring on the orthorhombic structure, which
appears below Ts∼87 K, the phase transition temperature from the tetragonal state.
18–21
FeSe has a modest Tc of ∼7 K,
22 and shows no long-range SDW order, unlike AFe2As2 and
LaFeAsO, however, the coexistence of superconductivity and magnetic order in a short-range
scale below Tc has been found at low pressures.
23 Although many investigations have been
conducted on the pressure dependence of Tc by the measurements of electrical resistivity and
magnetization, the Tc−P relation has not yet been established, suggesting that Tc increases
under pressure and exhibits a maximum (Tmaxc ) ranging from 20 to 37 K.
24–30 The wide
variation of Tmaxc is mainly due to the difference in the definition of Tc. It is important to
investigate how the superconductivity and the structure change under pressure in FeSe in
order to establish the general trend in the relation between them in iron pnictides and gain
more insight into the superconducting mechanism.
In the present work, we have performed DC magnetization and electrical resistivity mea-
surements under pressure using single-crystal specimens to clarify the pressure evolution of
Tc and Ts precisely. Our DC magnetic measurement under pressure is a reliable technique for
revealing thermodynamical superconducting critical temperatures and has been successfully
applied to other systems.4, 29, 31, 32 In this Letter, we report that Tc exhibits a characteristic
three-step increase up to ∼34 K, and that Ts decreases with increasing pressure and is extrap-
olated to zero at P∼2.3 GPa, above which Tc increases rapidly, suggesting that the tetragonal
environment enhances the superconductivity. The T−P phase diagrams for FeSe and AFe2As2
are found to be analogous to each other.
Single-crystal specimens of FeSe were grown by a NaCl/KCl flux method similar to that
described in the literature.33 We obtained black and shiny crystals with typical dimensions of
up to ∼1×1×0.05 mm3, as shown in the inset of Fig. 1. Tc determined from the diamagnetic
onset was ∼7.5 K at ambient pressure. The X-ray diffraction pattern of FeSe single crystals is
shown in Fig. 1, where (h0l) peaks are observed, indicating that the (101) plane is exposed on
the surface of the crystal, consistent with earlier studies.33, 34 For the magnetic measurements
under high pressure, a miniature diamond anvil cell (DAC) with an outer diameter of 8 mm
was used to generate high pressure, which was combined with a sample rod of a commercial
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Fig. 1. (Color on line) Powder X-ray diffraction pattern of FeSe single crystals at room tempera-
ture. Diffraction peaks corresponding to a tetragonal crystal structure with the symmetry group
P4/nmm are observed. Those corresponding to a hexagonal structure with P63mmc are also
observed in addition to the peaks of NaCl. The inset shows a typical FeSe single crystal.
SQUID magnetometer. Details of the DAC are given elsewhere.35 A single crystal of FeSe was
loaded into the gasket hole together with a small piece of high-purity lead (Pb) [the inset
of Fig. 2(d)] to realize the in situ observation of pressure by determining the pressure from
the Tc shift of Pb. Magnetization data for the small amounts of FeSe and Pb were obtained
by subtracting the magnetic contribution of DAC measured in an empty run from the total
magnetization. To establish the intrinsic Tc−P relation under hydrostatic pressure up to 8
GPa, the measurements were mainly carried out using liquid Ar as the pressure-transmitting
medium (PTM). To investigate the effect of uniaxial stress, we also used NaCl powder as
the PTM. Electrical resistivity was measured by a four-probe technique using a clamp-type
piston-cylinder pressure cell with Daphne oil 7373 as the PTM.
We show the temperature dependence of zero-field-cooled DC magnetization (M) under
various pressures up to 1.9 GPa using Daphne oil 7373 as the PTM in Fig. 2(a) and up to
higher pressure using liquid Ar as the PTM in Figs. 2(b) and 2(c). In Fig. 2(a), the M−T
curve shows a rapid decrease below 9.5 K at P=0.39 GPa. The onset of the diamagnetic
response (T diamagc ), which is estimated by extrapolating the initial slope of the M−T curve
just below the decrease to the normal state magnetization, is defined as Tc. In the figure, Tc
shifts to a higher value at P=0.85 GPa but decreases to ∼10 K at 1.6 GPa and increases again
to ∼13 K at 1.9 GPa. It is shown that Tc increases rapidly above ∼2 GPa in Fig. 2(b) and
saturates at ∼25 K above ∼3 GPa, but gradually increases again above ∼5 GPa to Tcmax∼34
K in Fig. 2(c). We show plots of Tc versus P in Fig. 2(d), where the Tc−P curve exhibits
a characteristic three-step increase. It should be noted that the second increase in Tc above
∼2 GPa is extremely rapid, with dTc/dP∼ 10 K/GPa, compared with that seen in all other
superconductors, implying the occurrence of a pressure-induced phase transition. The inset
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Fig. 2. (Color on line) Temperature dependence of zero-field-cooled DC magnetization for FeSe single
crystal measured in a magnetic field of 20 Oe under various pressures using Daphne oil 7373 (a)
and liquid Ar (b), (c) as the pressure transmitting medium (PTM). The data are intentionally
shifted along the longitudinal axis for clarity. (d) Tc−P curve for FeSe single crystals. The inset
shows the Tc−P curves reported by Okabe et al.
30 obtained through the measurements of electrical
resistivity under pressure. A photo of a FeSe single crystal and a small piece of Pb set in the Cu-Be
gasket hole is also shown.
of Fig. 2(d) shows the Tc−P curves for FeSe obtained through the resistivity measurements
under hydrostatic pressure using a cubic anvil press by Okabe et al.,30 showing that the
onset temperature of the resistivity drop (T onsetc ) exhibits a maximum of ∼38 K, considerably
larger than that of the zero-resistive temperature (T zeroc ) of ∼30 K. The behavior of the Tc−P
curve observed in the present study is quantitatively consistent with that of the T zeroc −P
curve below 5 GPa but clearly different from that above 6 GPa. In contrast, the behavior is
fundamentally different from that of the T onsetc −P curve. Since the sharpness of the transition
is almost unchanged even at 7.5 GPa as shown in Fig. 2(c), the Tc−P curve in Fig. 2(d) is
thought to be intrinsic, while Tc may be overestimated by defining T
onset
c as Tc, as in previous
reports.25, 27
Next, we show the temperature dependence of electrical resistivity (ρ) under pressure in
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Fig. 3(a). Metallic behavior with a dip at ∼87 K and a sharp superconducting transition are
observed. The dip anomaly corresponds to the structural phase transition from a tetragonal
state to an orthorhombic state at Ts∼87 K. It is shown that Ts decreases with increasing
pressure down to ∼40 K at 1.8 GPa, indicating that the transition vanishes with increasing
pressure. In Fig. 3(b), T zeroc is found to increase nonmonotonically with pressure. In AFe2As2,
a relatively sharp anomaly compared with that seen in Fig. 3(a) is observed at Ts in the
ρ−T curve (see, e.g., Ref. 13), since the effect of the magnetic scattering on the resistivity is
abruptly reduced owing to the antiferromagnetic ordering below Ts. To determine the position
of Ts, the ρ(T ) data after subtracting the linear component are plotted in Fig. 3(c). We defined
the bottom of the dip as Ts. In Fig. 3(d), the Ts versus pressure data are plotted together
with the T zeroc (P ) data and T
diamag
c (P ) curve to construct the T−P phase diagram for FeSe.
As seen in the figure, the orthorhombic phase is expected to disappear above P∼2.3 GPa,
where superconductivity is changed to be developed on the tetragonal lattice, accompanied
by a large increase in Tc of dTc/dP∼ 10 K/GPa. The inset of Fig. 3(d) shows the T−P phase
diagram for SrFe2As2 reported by Matsubayashi et al.
13 A common feature of the phase
diagrams is the intimate correlation between the enhanced (suppressed) superconductivity
and the tetragonal (orthorhombic) lattice structure, which is also seen in AFe2As2
16 and
LaFeAsO17 upon carrier doping. Thus, it is a general trend in iron-pnictide superconductors
that the superconductivity favors a tetragonal environment but disfavors an orthorhombic
one. In FeSe, superconductivity survives even in the orthorhombic structure, in contrast to
that in AFe2As2 and LaFeAsO. This is due to the absence of long-range magnetic order in the
orthorhombic structure, while the SDW state appears in AFe2As2 and LaFeAsO, competing
with superconductivity. The strong enhancement of the superconductivity in FeSe above ∼2
GPa therefore appears to be of purely structural origin, and is not due to the disappearance
of a competing magnetic ground state. However, we should note the coexistence of static
magnetic order and superconductivity, which has been observed above 0.8 GPa in the µSR
experiments,23 although it is unclear whether or not the magnetic order vanishes above 2
GPa.
In our previous study, we observed an abrupt reduction in the amplitude of diamagnetic
response in FeSe above 2 GPa using polycrystalline specimens and Daphne oil 7373 as the
PTM, and encountered difficulty in detecting the superconducting transition at higher pres-
sure.29 This behavior can be understood as a result of superconductivity being suppressed in
some parts of the specimen by the application of uniaxial pressure, which is realized by the
solidification of Daphne oil 7373 at high pressures above 2.2 GPa, while liquid Ar generates
high pressure with good hydrostaticity up to 10 GPa.36 Uniaxial stress anisotropically com-
presses the crystal, possibly breaking the tetragonal crystal symmetry, and can lead to the
suppression of superconductivity.
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Fig. 3. (Color on line) Temperature dependence of electrical resistivity ρ for FeSe under various
pressures (a) and an enlarged view below 30 K (b). (c) Data after subtracting the linear component
ρlin, showing a dip anomaly under various pressures. The bottom temperature is defined as Ts,
the transition temperature from a tetragonal phase to an orthorhombic phase. (d) Temperature-
pressure phase diagram for FeSe. The inset shows that for SrFe2As2 obtained by Matsubayashi
et al.13 Ts and Tc determined from the onset of the diamagnetic response (T
diamag
c ) and the
zero-resistivity temperature (T zeroc ) are shown as a function of pressure.
To confirm the effect of uniaxial stress on the superconductivity in FeSe, magnetic mea-
surements were performed on the single crystals using NaCl powder as the solid-state PTM.
In the experiments, the surface of a single crystal was set parallel to a diamond culet so
that uniaxial stress could be applied on the (101) plane to compress the crystal along both
the a- and c-axes. We show the M−T data measured using NaCl under various pressures in
Fig. 4(a), where Tc increases with increasing pressure up to 20 K at P=3.8 GPa and then
becomes pressure-independent up to P=6.6 GPa. The Tc−P relation is shown in Fig. 4(b),
together with the Tc−P curve under hydrostatic pressure using Ar as the PTM. Also, the
superconducting volume fraction estimated from the amplitude of the diamagnetic response,
p, at T=0.5Tc normalized to that at 1.5 GPa (p0) is plotted in Fig. 4(c). We note that the
difference between the Tc values under hydrostatic and uniaxial pressures is large above ∼2
GPa, and even larger above ∼5 GPa. Furthermore, the volume fraction p is roughly constant
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Fig. 4. (Color on line) Temperature dependence of zero-field-cooled DC magnetization under various
pressures measured with a magnetic field of 20 Oe (a) and plots of Tc versus pressure (b) for
FeSe single crystals using NaCl as the pressure transmitting medium (PTM). The broken curve
in (b) is the Tc−P curve observed by the measurements using liquid Ar as the PTM. (c) Plots
of superconducting volume fraction (p) at T=0.5Tc normalized to that at P=1.5 GPa (p0) versus
pressure.
under hydrostatic pressure but rapidly decreases by half under uniaxial pressure, as similarly
seen in our previous study.29 The small increase in Tc and the reduction in the volume fraction
observed above 2 GPa are attributable to the breaking of the tetragonal lattice symmetry due
to the uniaxial stress along the (101) direction. The volume fraction is expected to be even
lower for the compression along the (100) direction, considering that the volume fraction for
the polycrystalline specimens is reduced to ∼1/5 above 2−3 GPa.29
In summary, we have investigated the superconductivity and the structural phase transi-
tion in FeSe under pressure by the measurements of dc magnetization and electrical resistivity
using single-crystal specimens. It has been found that Tc increases in three steps with the ap-
plication of hydrostatic pressure up to ∼34 K and the orthorhombic phase disappears above
P∼2.3 GPa. In FeSe, the superconductivity on the orthorhombic lattice changes to occur on
the tetragonal lattice under hydrostatic pressure, accompanied by an extremely rapid increase
in Tc. Under uniaxial pressure, the increase in Tc is suppressed to ∼20 K and the volume frac-
tion of the superconductivity is considerablty reduced above 2 GPa, probably owing to the
breaking of the tetragonal symmetry. The intimate correlation between the enhanced (sup-
pressed) superconductivity and the tetragonal (orthorhombic) structure in the phase diagram
is a common feature of iron-pnictide superconductors.
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